Investigation of MoO3 as an electron injection contact and as a charge transport material in transparent organic light emitting devices by Tian, Baolin
Investigation of MoO3 as an electron 
injection contact and as a charge 
transport material in transparent organic 











presented to the University of Waterloo 
in fulfillment of the 
thesis requirement for the degree of 
Master of Applied Science 
in 












I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 
any required final revisions, as accepted by my examiners. 















MoO3 is investigated for its utilization as a transparent cathode and as a charge transport 
material in transparent organic light emitting devices. As a transparent cathode, MoO3 is utilized 
in combination with a thin metal layer (e.g. Ag) in the form of MoO3/Ag/MoO3 (MAM) stack to 
enable thermal evaporable transparent cathodes. Results show that it is possible to achieve 
efficient electron injection from the MAM electrode into organic layers by means of 
incorporating a suitable Electron Injection Layer (EIL) at the interface. Results also show that a 
MAM electrode can exhibit high optical transmittance, amounting to about 65-80% in the 400-
700nm, and a low sheet resistance (9Ω/□). A transparent OLED with a MAM cathode 
incorporated with a 10nm Bphen: Cs2CO3 (10%) EIL is studied.  By fine tuning the MAM 
structure, optimal OLED performance has been achieved: a total luminance of 1300 cd/m2 
(representing ~1000cd/m2 and ~300cd/m2 from the bottom and the top, respectively) at 20mA/cm2 
and a corresponding driving voltage of 7.2V. The OLED exhibits a peak transmittance of ~ 90% 
in the 450-475 nm range, and a transmittance above 45% over the entire visible (i.e. 400-700 nm) 
range. 
As a charge transport, MoO3 is utilized in combination of various organic hole and electron 
transport materials in the form of mixtures. Results show that a significantly enhanced bulk 
conductivity of thin films of MoO3 and hole-transport organic material mixture is achieved by 
varying the MoO3 composition. The mixture films are fabricated in a lateral structure rather than 
the conventional vertical structure. Experimental results show that the conductivity of NPB: 
MoO3 (x) mixture films increases with the MoO3 composition before its maximum value is 
reached at x = 50%, which is six orders of magnitude higher than that of the intrinsic MoO3 film. 
With further increasing MoO3 composition, the conductivity of the mixture films decreases and 
approaches the value of the intrinsic MoO3. The observed improvement of the film conductivity 
is attributed to changed bulk and interface properties, whereas the improvement of the bulk 
material conductivity is the dominant factor. Similar phenomena are also observed in MoO3 thin 
films mixed with other hole transport materials (such as TcTa), however not in the thin film 
mixtures of electron transport materials (e.g., Alq3 and Bphen) and MoO3. The I-V results of the 
hole-only device and electron-only device show that NPB: MoO3 (50%) mixture has both 
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Since the first transistor was invented in AT&T Bell Lab in 1947, inorganic semiconductor Si 
and Ge have dominated the electronic devices ever since. As a result, the solid state devices took 
over the vacuum tube based devices and initiated the second electronics revolution. At the end of 
20th century, the development of the organic semiconductor is now seen as the third electronics 
revolution. Organic semiconductors are materials based on organic π-conjugated chains which 
offer semiconducting properties that can be utilized in electronic devices (Figure 1.1), such as 
organic field-effect transistors (OFETs) [1- 6], organic light-emitting diodes (OLEDs) [7- 10], 
and organic solar cells (OSC) [11- 16], and further functions have been demonstrated, such as 
sensors [17- 19], memory cells [20- 22], or light-emitting transistors [23,24]. 
 
Figure 1.1: Various organic semiconductor applications 
The most intriguing benefits of using organic materials include mechanical flexibility, high 
transparency and light weight, which promote new applications such as large area, flexible light 
sources and displays, transparent light emitting devices and solar cells, low-cost printed 




increasingly interesting in recent years because of their technological potential to high-resolution, 
high-contrast and high aspect ratio active-matrix displays, and electricity-generating windows, 
respectively. 
This thesis will focus on the investigation of MoO3 as an electron injection contact and as a 
charge transport material in transparent OLEDs. In this chapter, the history, the structure, the 
operation mechanism, materials of OLEDs, transparent OLEDs, as well as the objectives and 
approaches of this project will be introduced.  
OLEDs are light emitting diodes in which the emissive electroluminescent layers are thin 
films of organic compounds. Electroluminescent (EL) is an optical and electrical phenomenon in 
which materials emit light in response to the passage of an electric current or to a strong electric 
field. This is distinct from black body light emission resulting from heat, photoluminescence 
resulting from absorbing photons, chemical reaction, or other mechanical action [25].  
1.1 History and Background  
The discovery of organic EL phenomena dates back to early 1950s. A. Bernanose [26] and 
co-workers at the Nancy University in France applied high voltage alternating current fields in air 
to acridine orange and quinacrine, and observed EL phenomena in an organic material for the first 
time.  In 1963, Pope’s group [27] at New York University first observed EL in pure single crystal 
of anthracene. However, the anthracene crystal is 20μm thick and the driving voltage is up to 
400V, which did not attract many researchers’ interest. In 1965, W. Helfrich and W.G. Schneider 
[28] of the National Research Council in Canada produced double injection recombination EL in 
an anthracene single crystal for the very first time, which was the forerunner of today’s double 
injection devices. Due to the poor electrical conductivity of contemporary organic materials and 
the lack of the thin film deposition technology, all the single EL layers were thicker than 1μm and 
thus required a very high voltage at that time. This was overcome by the discovery and 
development of highly conductive polymers. In 1977, Alan J. Heeger, Alan G. MacDiarmid and 
Hideki Shirakawa [ 29 ] reported highly conductive oxidized iodine-doped polyacetylene for 
which they were awarded the Nobel Prize for Chemistry in 2000. In 1982, Vincett and co-
workers [ 30 ] fabricated 0.6μm anthracene film which reduced the working voltage to 30V. 
However, the device’s quantum efficiency was very low, less than 1%. Therefore, despite the 
invention of vacuum thermal evaporation of organic material, the EL of organic materials still did 




Until 1987, the first thin film OLEDs was reported by Tang and VanSlyke [7] from Eastman 
Kodak. They used a novel two-layer structure which consisted of the hole transporting and the 
electron transporting layers. The devices were bright green devices based on tris(8-
hydroxyquinoline) aluminum (Alq3), in which the electron-hole pair recombination and light 
emission occurred. These devices yielded an external quantum efficiency ηext of 1%. It showed a 
reduction of operation voltage and an improvement of efficiency, which initiated and led the 
current research and development of OLEDs. Later, the work on Alq3 and other small π-
conjugated molecules demonstrated the potential of small molecular OLEDs. In 1990, Friend and 
co-workers [8] at the Cavendish Laboratory in Cambridge described the first polymer OLED 
(PLED) which was a high efficiency green light-emitting polymer based device. They used 
100nm poly(p-phenylene vinylene) (PPV) which was fabricated by spin-coating. These two 
seminal reports opened the door for advanced research in organic EL electronics. In 1992, Heeger 
and co-workers [31,32] first demonstrated the flexible OLED display using a plastic substrate, 
which revealed the most charming side of the OLED application before us.  In 1997, Forrest et al 
[ 33 ] discovered the phosphorescent EL phenomena. Phosphorescent dyes can convert both 
singlet and triplet excitons into light, making the devices potentially much more efficient, which 
broke through the limit that quantum efficiency of organic EL material was lower than 25%.  
Other important improvements in organic small molecules/ polymer EL development were list in 
Table 1.  
Year Invention Reference
1963 Pope et al found electroluminescence in anthracene single crystals. [27] 
1977 Developments in conductive π-conjugated polymers. [29] 
1982 Vincett et al decreased the working voltage of organic EL to below 30V. [30] 
1987 Tang and co-workers first demonstrated EL of Alq3 thin film. [7] 
1990 Friend et al reported the EL phenomena of PPV polymer under low voltage [8] 
1992 Heeger et al invented the PLED on flexible plastic substrate.  [31,32] 
1992 Uchida et al demonstrated blue EL diodes using poly(alkylfluorene). [34] 
1992 Grem et al found the blue EL material PPP [35] 
1993 Sokolik et al found blue EL material PPV copolymer [36] 




conjugated and non-conjugated blocks 
1994 Yan et al investigated the mechanism of the photochemical degradation of 
PPV. 
[39] 
1994 Kido J. invented the first white OLED device [40] 
1995 Dyreklev et al found the organic EL device emitted polarized light. [41] 
1996 Fou et al fabricated OLEDs based on self-assembled multilayers of 
poly(phenylene vinylene) 
[42] 
1996 Epstein et al found organic EL material: Poly(p-pyridine)- and poly(p-pyridyl 
vinylene)-based polymers 
[43] 
1997 Forrest et al discovered the phosphorescent EL phenomena [33] 
1998 Hebner et al invented ink-jet printing method to fabricate OLEDs [44] 
2003 Fabricated OLEDs by consecutive deposition of polymers [45] 
Table 1: Important improvement in organic small molecules/ polymer EL devices 
development 
Early organic small molecules/polymers and devices had a poor stability, and therefore 
people lacked of confidence in the OLEDs industry. However, during the last 30 years, the 
development of  OLEDs has been extraordinarily remarkable: from very dim devices with 
lifetime less than 1min in air to red and green OLEDs and blue OLEDs with a lifetime over 
200000hrs and 100000 hrs, respectively, at the brightness of 150 Cd/m2[46,47]. 
1.2 OLEDs Structure & Operation Mechanism 
The OLED has a typical structure where organic materials are sandwiched between two 
electrodes: a transparent anode with a high work function and a metal cathode with a low work 
function, which form low energy barriers at the electrode-organic interfaces for both contacts in 
order to inject the same amount of holes and electrons. These energy barriers are critical for the 
injection of charge carriers, and consequently essential to the OLEDs efficiency. With the 
knowledge of the OLEDs structure and corresponding energy band diagram of each thin film 
layer, the OLEDs operation mechanism can be concluded into four aspects (Figure 1.2): 1.charge 
carrier injection, 2.charge carrier transport, 3.electron-hole pair capture and exciton formation, 4. 
radiative decay of exciton. The carrier injection and carrier transport are the two most 




such as quantum efficiency, power consumption and etc. Details of OLEDs structure and 
operation mechanism will be discussed respectively in next several sections.  
 
Figure 1.2: Aspects of OLED physics: 1.charge carrier injection, 2.charge carrier transport, 
3.electron-hole pair capture and exciton formation, 4.radiative decay of exciton. 
1.2.1 Single layer, double layer  and multilayer structure 
At the beginning of the OLEDs development, a single layer of organic material was 
sandwiched between two electrodes (Figure 1.3(a)) [27]. However, the single layer devices had 
very poor efficiency. Since the mobility of electrons and holes are different in organic materials, 
one type of the carriers (electrons or holes) was accumulated at one metal-organic interface where 
all the recombination happened in OLEDs. Thus, the surplus electrons or holes will not 
recombine, which results in low operation efficiency. Until 1987, Tang and VanSlyke [7] 
demonstrated comparably efficient OLEDs with a double layer structure (see Figure 1.3(b)). The 
double layer structure contains two organic layers: the hole transport layer (HTL) and the electron 
transport layer (ETL). This structure allows both of the electrons and holes move easily inside 
ETL and HTL, respectively. In addition, ETL may block holes from moving towards the cathode, 
and the same analogy applies to HTL and electrons. Therefore, the holes and electrons will meet 
in the middle of two organic layers and recombine, which significantly improves the efficiency of 
OLEDs.  
Today, in order to achieve much highly efficient OLEDs, the multilayer structures are 
employed in the design of OLEDs (Figure 1.3(c)), which contain different functional layers: 




transport layers (HTL) and hole injection layers (HIL), as well as special carrier blocking layers. 
When a forward bias is applied to the OLED, holes and electrons are injected from HIL and EIL, 
transported through HTL and ETL, respectively, and met and captured to form exitons in EML. 
Finally the exitons either decay radiatively to emit photons or dissipate non-radiatively. The thin 
EIL and HIL may dramatically decrease the energetic barriers and achieve high efficiency, which 
we will discuss more in detail later.  
 
Figure 1.3: Structure of OLEDs: (a) single layer structure, (b) double layer structure and (c) 
complex multilayer structure. 
1.2.2 Charge carrier injection from contacts 
At the beginning of the research on the carrier injection at the organic/electrode interface, the 
energy barriers for the charge injection have been commonly estimated by assuming vacuum-
level alignment across the interface. The energy barrier is the difference in energy between the 
electrode Fermi level (Ef) and the organic transport levels at the interface (HOMO or LUMO). As 
shown in Figure 1.4, the work function of the metal Φm is the distance between Fermi level Ef and 
vacuum level. The ionization energy (IE) and the electron affinity (EA) of the organic material 
are the distances between vacuum level and HOMO and LUMO, respectively. As the organic 
LUMO level is typically higher than the metal Ef level, electrons at metal Ef level are facing a 





Figure 1.4: Sketch of the OLED under forward bias. 
Without external voltage, the electrons cannot be injected into the unoccupied orbital of the 
organic material. When a forward bias is applied to the device, the LUMO level of the organic 
material slants and forms a triangular potential barrier at the interface. Based on the tunneling 
model Parker [ 48 ] proposed in 1994, the electrons distributed near Ef level have certain 
probability to tunnel through the triangular potential barrier and be injected into the organic 
LUMO level. Parker investigated different thicknesses of the organic material (MEH-PPV) with 
different cathode materials, and it turned that the current density-electrical field (J-E) 
characteristics fitted very well with the calculated results from the Fowler-Nordheim equation 
based on the triangular potential barrier (Figure 1.5). The injection of holes is more or less the 
same as that of electrons, while the holes face an energy barrier Φb=IE-Φm when they are injected 





Figure 1.5: Quantum mechanical tunneling of electrons through a triangular energy barrier. 
While Parker’s quantum tunneling model has been well accepted, the triangular energy 
barrier model is over simplified and does not fit well with some experiment results. One 
important problem which was not considered in Parker’s model is the influence of the image 
force. When electrons leave the metal and are injected into the organic material, due to the 
electrical field of individual electron, the metal surface will have positive induced charges 
attracting these electrons. This attracting force that electrons experienced is termed as the image 
force which prevents the escape of the electron from the metal surface. A modified Richardson-
Schottky model included the effect of the image force potential is shown in Figure 1.6.  After 






Figure 1.6: Field-assisted thermionic injection over the image force barrier.  
In the above discussions, we assume the potential barrier height is Φb=Φm-EA, which defaults 
the vacuum level aligns across the electrode-organic interface. However, this assumption is not 
accurate in reality. Since the Ef level of metal and organic materials is different, under the 
equilibrium state, the distribution of the electron density at the metal- organic interface will be 
modified to achieve Ef level alignment across the whole system. In inorganic semiconductor- 
metal interface, if the Ef level of metal is lower than that of the inorganic semiconductor, 
electrons will flow from the semiconductor to the metal and the holes left inside semiconductor 
will form space charge region. The electrical field due to those space charges will bend the 
energy levels inside the space charge region, and form a Schottky barrier shown in Figure 1.7. 
 
Figure 1.7: Energy band diagrams for the interface between metal and inorganic 




However, the band gap of organic semiconductors is typically between 1.5-3eV, which is 
much larger than the thermal energy at room temperature (26 meV). Therefore, the amount of 
electrons at LUMO level and the amount of holes at HOMO level can be ignored. In consequence, 
the interface between metal and organic semiconductor will not form Schottky barrier. Ultraviolet 
and inverse photoelectron spectroscopy (UPS, IPES) allow the magnitude of the hole and the 
electron injection barriers to be assessed. Utilizing these methods, researchers observed an 
interface dipole layer with a thickness of several monolayers was formed at the interface when 
depositing organic thin film on metal. They contributed this phenomenon to the carrier transfer, 
redistribution of electron cloud, and chemical reaction at the interface, all of which induced the 
changes of the electrical potential at the metal surface. This organic-metal interaction is shown in 
Figure 1.8, which shows a quantitative picture of the interface energy diagram. Before contact, 
the metal and the organic material have no interactions. The metal work function has two 
contributions, namely, the bulk chemical potential (μbulk) and the surface dipole (SD), which is 
due to the electron spilling out into the vacuum at the free surface. However, as the two materials 
contact each other, the SD of the metal surface reduces to SD’, due to the adsorption of the 
organic molecules pushing back the electron density of the metal surface that was spilling out into 
the vacuum. This reduced SD’ causes the potential barrier decrease at the interface, and this 
decrease can be up to 1eV. More research shows that the direction of the interface dipole is the 
same (point from organic material to metal) for most of the metal- organic contact, which mades 
the organic material to be positively charged.  The direction of the interface dipole will facilitate 
the electron injection, however, prevent the hole injection.  
 
Figure 1.8: Schematic energy levels at an organic-metal interface, before and after contact.  




After the injection of carriers into organic semiconductors, the charge carriers start to 
transport inside organic semiconductors under the external electrical field. In inorganic 
semiconductor crystal, due to the well ordered structure and strong interaction between the 
covalent bond among atoms, electrons can freely move inside the crystal. However, organic 
semiconductor molecules are bonded by the Van de Waals force, and thus the overlap among 
molecules’ electron clouds is very weak. In consequence, electrons are locally free to move inside 
a molecule, and it is very difficult for electrons to move from one molecule to another. Besides 
that, organic semiconductor films are typically in amorphous state rather than crystal state 
because of the relative large molecule size. Therefore, charge carriers in organic semiconductors 
have a low mobility, normally between 10-8 ~10-2 cm2V-1s-1.  
As mentioned above, the attractive or repulsive force between organic molecules is the Van 
der Waals force that is very weak. Thus, it leads to a disordered structure of the organic 
semiconductor in which each molecule is in a different energy environment, and therefore, it 
results in a Gaussian distribution density of states (Figure 1.9). 
 
Figure 1.9: Gaussian distribution of states in amorphous solid, the width of the Gaussian 
density of states in an amorphous solid is typically in the range of σ=80-120 meV. 
1.2.3.1 Space Charge Limited Conduction (SCLC)  
Organic semiconductors have a very low intrinsic carrier density. Consequently, the 
conduction mechanism of the organic semiconductors is similar as that of insulators, which relies 
on the injection of electrons and holes into the LUMO and the HOMO, respectively, from 
external voltage source. Due to the disordered structure and the chemical or structural defects, 




and form a large amount of space charge inside the semiconductor.  As all these space charges 
prevent the transport of the carriers, it is termed as space charge limited current effect [49]. 
Considering the ideal case that organic semiconductor has no traps, the carriers transport is 
similar as the drift transport in inorganic semiconductors under an electrical field. So the electron 
current can be described as: 
 
Where, n is the electron density; v is the average drift velocity; e is the electron charge. Since 
/ , Q is the amount of injected charges per unit area, t is the carrier transport time from 
anode to cathode, 
 
L is the distance between anode and cathode. Semiconductor acts as a capacitor due to the 
distribution of space charges: 
C is the capacitor per unit area, and 2 / , where ε is the material dielectric constant, 
however, the carriers are distributed everywhere from anode to cathode. Therefore, the actual 
effective distance Leff is smaller than L. If we assume that carriers are evenly distributed in space, 
then 
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This is the ideal insulator space charge limited current equation. In real organic 
semiconductor, the situation is quite different. Due to the large amount of trap states, many 
trapped carriers are not contributed to the current conduction; therefore the real current value is 
much smaller than the calculated value based on the above equation. However, the same idea and 
derivation process are still hold in real situation after considering that the charge carriers not only 
contribute to the current conduction but also built the internal electrical field which prevents the 
current transport. After considering the trapped carriers, non-uniformity of electrical field, and all 





Where m is a constant related to the trap distribution, typically m is between 6~8. Many 
experiment results fit very well into this equation. And it can be seen from Figure 1.10: the 
current- voltage characteristics of OLEDs with different ETL: Alq3, Gaq3 and Inq3 by Burrows 
and Forrest [50]. At low voltage, m=0 fits the Ohm’s law; at high voltage, m is approximately 8 
which fits the space charge limited current. As seen in Figure 1.10, the experiment data are well 
fitted with the space charge limited conduction model.  
 
Figure 1.10: Current – voltage characteristics of OLEDs with structure: ITO/TPD (20nm)/ 
Alq3, Gaq3 or Inq3 (40nm)/ Mg:Ag. Solid lines show fits to the SCLC model with m around 8.  
1.2.3.2 Hopping transport  
When we derived the current equation of SCLC, we assumed that the carrier mobility μ is not 
influenced by the electrical field E. However, this is not true in a real situation. Early in 1980s, 
researchers had already found that the carrier mobility in organic material had a strong 





exp exp √  
Where μ0, θ, γ are factors related to material, k is Boltzmann constant, T is the absolute 
temperature, E is the electrical field.  
The reason behind the dependence of the carrier mobility in organic materials on the 
electrical field and the temperature is the charge carrier hopping transport mechanism. In 
inorganic semiconductor crystal, atoms are tightly bonded to each other by covalent bonds, and 
form a unity where atoms’ wave functions at high energy state overlap each other and form 
continuous conduction band (CB) and valence band (VB). Electrons in CB and VB are all free to 
move in the system (known as band transport), as shown in Figure 1.11(a). For organic 
semiconductors shown in Figure 1.11(b), all the atoms in each molecule are tightly bonded to one 
another by covalent bonds, whereas each molecule is unaided and bonds with others through 
weak Van de Waals force. Therefore, molecule’s LUMO and HOMO wave functions only 
overlap a little bit. When an electron transports from one molecule to another, it has to overcome 
a potential barrier with a small probability. This is the reason why organic semiconductor has a 
poor electrical conductivity compare with inorganic semiconductor.  
 
Figure 1.11: Schematic energy bands of (a) inorganic semiconductor, (b) organic 
semiconductor  
Without applied field, the carriers locally vibrate at the HOMO or LUMO level, and they 
have a certain probability to tunnel through the barriers to the adjacent molecules. Because the 
carriers have the same probability of tunneling to all the adjacent molecules, there is no overall 
current inside the material. When we apply a field, molecules in different positions have different 
potential. In this case, carriers have a higher probability to tunnel from a high potential molecule 




very low probability for the same carrier to tunnel again. Consequently, the carriers will stay in 
the molecule until next successful tunneling. This carrier transport mechanism in organic 
semiconductors is commonly referred to as hopping transport.  
1.2.4 Electron-hole capture and exciton formation  
Since electrons and holes are injected into the organic semiconductor, they are moving 
towards each other under the influence of electrical field and getting closer to each other under 
the attraction of Coulomb force. Part of the electrons and holes are captured in one molecule and 
form excitons. Exciton is an electronic excitation in the solid, essentially a bound pair of electron 
and hole at a non-ground energy level. And it can be viewed as quasi-particles which are capable 
of diffusing and migrating.  
Depending on the distance and the interaction between the electrons and holes, and the degree 
of delocalization of the electrons around the the hole, exciton can be classified as: (a) Frenkel 
excitons, (b) Wannier-Mott excitons and (c) Charge-transfer excitons (Figure 1.12).  
 
Figure 1.12: (a) The small-radius Frenkel exciton in which the radius a is small in 
comparison with a lattice constant aL. (b)The large-radius Wannier-Mott exciton in which 
the radius a is large in comparison with a lattice constant. (c) The intermediate or charge-
transfer exciton, in this case, a nearest neighbor.  
Frenkel exciton (Figure 1.12(a)) corresponds to a correlated electron-hole pair localized on a 
single molecule. The interaction between an electron and a hole may be strong with a typical 
binding energy on the order of 0.1 to 1eV and thus the excitons tend to be small. Its radius is 
comparable to the size of the molecule (typically < 5 Å), or smaller than the intermolecular 
distance.  Because the hole and the correlated electron are located on the same molecular site, 




typically found in alkalihalide crystal and in organic molecules crystal composed of aromatic 
molecules, such as anthracene and tetracene. 
As the other extreme, Wannier-Mott (WM) excitons (Figure 1.12(b)) occur in crystalline 
materials with strong intermolecular interactions. Because of a significant potential overlap 
between neighbouring lattice points in such materials, coulombic interaction between the electron 
and the hole of the exciton was reduced. This results in a large exciton radius (40-100Å) whose 
size is as many times as the size of the lattice constant. As the distance between the electron and 
the hole is relative large in this case, the medium between the electron and the hole can be treated 
as a continuous homogeneous dielectric medium with dielectric constant ε. Therefore, the 
attractive force between the electron and the hole is / , similar to the attraction force 
between an unit negative charge and an unit positive charge. Consequently, the WM exciton has 
an energy level structure which is similar to that of hydrogen atom. Due to the weak interaction 
between the electron and the hole, the WM excitons are very unstable and easy to dissociate into 
independent electrons and holes. WM excitons occur in uncorrelated, crystalline materials (as are 
most conventional inorganic Crystals) rather than molecular organic solids. 
Between these two cases, charge-transfer (CT) excitons are of an intermediate size, have a 
spatial extent of 1-2 lattice constants. The promoted electron is transferred to the nearest or next 
nearest neighbouring molecule site, but remains correlated to its parent hole.  Because the 
electron and the hole reside on different sites, CT excitons have a dipole moment, and as such 
sometimes considered as an unrelaxed polaron pair with the positive and negative polarons 
located on discrete, identifiable, and nearly adjacent molecules. However, this localized picture is 
true only if each molecule forms a deep potential well in which charges are confined by the self-
induced rearrangement of the local environment by the exciton dipole. Such a localized potential 
would be expected for a molecular crystal with weak intermolecular interactions and small 
overlap between the neighbouring orbitals.  
As we know the electrons are Fermions, an electron has a spin quantum number of 1/2. In the 
Z direction, the component of spin angular momentum can be ±ћ/2. When the spin angular 
momentum of two electrons coupled, the spin angular momentum quantum number can be 0 or 1 
after coupling. When the quantum number is 0, the Z component of spin angular momentum can 
be and only can be 0; however, when the quantum number is 1, the Z component of the spin 
angular momentum can be +ћ/2, 0, -ћ/2, three different states. According to the Pauli Exclusion 
Principle, each quantum state can simultaneously have up to two electrons with different spins. 




is excited to an excited state (LUMO), the electron and the one left on ground state (HOMO) still 
have a total spin angular momentum 0. This excited state with a total spin angular momentum of 
0 is called singlet. If the exciton’s electron and hole are not from photoluminescence but from the 
injection from the external source, which is our case for OLEDs, the total spin angular 
momentum quantum number of the exciton can be 0 and 1 as well. For the case that  total spin 
quantum number is 1, the Z component of the spin angular momentum can be +ћ/2, 0, -ћ/2 three 
states. Therefore, the excited state with a total spin angular momentum of 1 is called triplet 
(Figure 1.13). In general, single-triplet ratio of excitons formed by external injected electrons and 
holes is 1:3.  
 
Figure 1.13: Energy state of ground singlet, excited singlet, and excited triplet 
The energetic difference between an excited state sitting on one molecule and a pair of 
uncorrelated negative and positive carriers sitting on different molecules far apart defines the 
exciton binding energy, typically 0.5 to 1eV. From Figure 1.13 (2), we can clearly see that due to 
exciton binding energy the optical band gap between ground state and the first excited singlet 
state is considerably narrower than singlet particle gap to create an uncorrelated electron-hole pair. 
This difference will cause an influence on the wavelength of OLEDs emission.  
1.2.5 Exciton relaxation: radiative and non-radiative processes  
All the excitons, both singlets and triplets, generally are not long-lived (~ns for singlet 
excited state and ~ms for triplet excited state) in that they are forced to lose their energy within a 
period of time induced by quantum fluctuation, collapsing to their ground state radiatively or non-
radiatively.  All the possible ways of deactivation process of excitons are shown in the Jablonski 





Figure 1.14: Jablonski diagram 
A Jablonski diagram is a state energy diagram that shows the electronic transitions. Straight 
continuous lines represent the transitions involving absorption or emission of photons. Wavy 
lines represent the non-radiative transitions.  In the figure, S0 is the ground state, S1 is the first 
singlet excited state, T1 is the first triplet excited state, T2 is the second triplet excited state, ISC is 
the intersystem crossing and IC is the internal conversion. All the different process can compete 
with each other over the deactivation of the excited state. 
Non-radiative transitions include the internal conversion and the intersystem crossing. The 
internal conversion (Figure 1.15 (a)) is a process that the excited molecule dissipates its energy 
though a non-radiative transition, back to a lower energy state with the same spin multiplicity.  
This process, different from vibrational relaxation, is between two energy states. Internal 
conversion and fluorescence both are a process of deactivation of excited singlet. Internal 
conversion is an extremely rapid process, typically happen in ~10-12 s. It does not only happen 
between S1 state and S0 state, but also happens between S2 state and S1 state, T2 state and T1 state, 
and other states with the same spin multiplicity. Because of the internal conversion, we can barely 
observe fluorescence from an excited singlet state above S2 to the ground state S0. Most of the 
fluorescence processes are transited from S1 to S0 state. The internal conversion and the 
fluorescence are two processes competing with each other. Therefore, a good fluorescence 
material is not only decided by the fluorescence rate (kf), but also controlled by the internal 




intersection of the two states, the molecules can transfer from S1 state to T1 state. This is called 
intersystem crossing, a process that the excited molecule transfers to an energy state with 
different spin multiplicity though a non-radiative transition. The non-radiative deactivation from 
T1 to S0 is a process in competition with the regular phosphorescence. 
 
Figure 1.15: (a) Internal conversion and fluorescence, (b) Intersystem crossing and 
phosphorescence.  
Radiative transitions include fluorescence and phosphorescence. Fluorescence, which is 
colored in green, results from a rapid radiative transition (~ns) between states of the same 
multiplicity. The transition is mainly contributed by the S1→S0 transition, although S2→S0 
transition is occasionally observed and often hidden under a much more intense S1→S0 transition. 
Very weak Sn→Sm and Tn→Tm (n>m) fluorescence might be observed since they are spin 
allowed. Phosphorescence results from a transition between the states of different multiplicity, 
typically T1→S0 since Tn→S0 is very rare. Because phosphorescence is a transition which is a 
forbidden transition, it has much weaker intensities comparing with fluorescence. The triplet state 
always has lower energy than the corresponding singlet state (i.e. Energy of T1 <  energy of S1).  
This is a consequence of the Hund’s rule of maximum multiplicity. In situations where two 
unpaired electrons occupy different orbitals, there is a minimum energy of electron-electron 
repulsion when the spins are parallel. This repulsion energy will determine the energy difference 




the orbitals involved. Therefore, in a material, light emission from phosphorescence will have a 
longer wavelength comparing with light emission from fluorescence. As mentioned earlier, the 
rate constant of phosphorescence can be dramatically increased by adding heavy atoms into the 
materials, which enables fast triplet dissipation due to the strong spin-orbital coupling. 
Beside of radiative and non-radiative transitions, the energy of exciton can transfer to another 
exciton by emission and re-absorption of the photon, and by the electron and the hole transfer to a 
new molecule and form a new exciton, respectively known as Forster energy transfer and Dexter 
energy transfer. Forester energy transfer is a non-radiative transfer of energy due to dipole-dipole 
interaction between molecules in a long range of 30-100Å. This is a very fast process  (<10-9 s). 
Dexter energy transfer is also a non-radiative transfer of energy via the exchange of electrons 
between molecules by an electron hopping process with a much shorter range ~10Å. Dexter 
energy transfer occurs only between immediate neighbors where significant overlap between 
molecule wave functions can exist. Because Forster energy transfer is based on the photon 
emission and re-absorption, only singlet exciton is easier to form exciton by absorption of 
photons, and therefore only singlet exciton can have Forster energy transfer. However, Dexter 
energy transfer generally happens on triplet exciton.  
1.3 Materials 
As mention in the first section of this chapter, active organic materials can be often divided 
into two classes: small molecular materials and polymers. The fundamental properties of both 
classes are essentially the same: both have a conjugated π-electron system formed by the p-
orbitals and sp2-hybridized carbon atoms in the molecules. The sp2-hybridized carbon atom is 
shown in Figure 1.16, in sp2 hybridization, the 2s orbital is mixed with two of the three available 
2p orbitlas to form three sp2 orbitals with one remaining p orbital perpendicular to the plane of 
the hybrids. The 2s orbital and two 2p orbitals of different energies mix to form three new hybrid 
orbitals with the same energy which is determined by a weighted average of the atomic obitals 
that combined. In sp2 hybridization, each sp2 hybrid has 1/3 of s orbital character and 2/3 of p 
orbital character, and therefore the hybrid orbital sp2 energy lies between that of the 2s orbital and 






Figure 1.16: Sketch of the sp2 hybrid orbital, the upper figure shows the energy level of the 
sp2 hybrid orbital, the lower figure shows the spatial distribution of oribtals on a sp2 
hybridized carbon atom. 
The π-conjugated system occurs in an organic compound where atoms covalently 
bond with an alternating single and double bonds (e.g. C=C-C=C-C). The single bond is a 
σ covalent bond formed by two sp2 hybrid orbitals belonging to two adjacent carbon 
atoms, and the double bond consist of two covalent bonds, one  σ-bond which is the same as 
the single bond and one π-bond (Figure 1.17). Compared with the σ-bonds which form the 
backbone of the molecules, the π-bonds are significantly weaker. Therefore, the lowest electronic 
excitations of the conjugated molecules are the π-π*-transitions with an energy gap typically 
between 1.5 and 3 eV leading to the light absorption or emission in the visible spectral range. In 
the conjugated system, π-bonds overlap with the adjacent π-bonds, they influence each other to 
produce a region called electron delocalization. Electron delocalization region increases the 
stability of the molecule and thereby lowers the overall energy of the molecule. In this region, 
electrons do not belong to any single bond or atom but the molecule as a whole group. The 
overlaps of π-orbital allow electrons to move within the molecule, which shows the conducting 





Figure 1.17: Left: σ- and π-bonds in ethene, as an example for the simplest conjugated p-
electron system. The right viewgraph shows the energy levels of a p-conjugated molecule. 
The lowest electronic excitation is between the bonding π-orbital and the anti-bonding π*-
orbital 
In Figure 1.17, the π-orbital is the highest occupied molecular orbital known as HOMO, and π*-
orbital is the lowest unoccupied molecular orbital known as LUMO. This is the energy diagram 
for a single ethane molecule. To compare the ethane material with the individual ethane molecule, 
the π-π stacking (caused by intermolecular overlapping of p-orbitals in π-conjugated systems) 
between the neighbouring molecules lead to more orbital split (see Figure 1.18). This orbital 
splitting produces sublevels of the HOMO and LUMO, and each of sublevels has its own energy 
slightly different from one another. There are as many sublevels as the molecules that interact 
with each other. When there are enough molecules influencing each other (e.g. in an aggregate), 
the number of the sublevels is large enough to be perceived as a continuum rather than discrete 
levels. Thus, we no longer consider them as discrete energy levels, but as continuous energy 
bands. The energy bands of the ethane (solid of liquid) have HOMO band and LUMO band, 
respectively. The energy difference of the HOMO band and the LUMO band is termed as band 
gap. The HOMO band of organic semiconductors is equivalent to the valence band of inorganic 
semiconductors. The same analogy exists between the LUMO band and the conduction band. All 






Figure 1.18: Overlap of π orbital electron wave functions lead to orbital split. 
The divisions of organic materials are mainly depends on the ways that thin films are 
prepared. Small molecules are normally prepared by thermal evaporation in vacuum and 
polymers are processed from solutions. 
1.3.1 Small molecules 
Small molecules (Figure 1.19) are typically deposited from the gas phase by sublimation or 
evaporation. It does not mean that small molecular materials are not soluble. The solubility of 
small molecules can be increased by the synthetic addition of side chains. The OLEDs based on 
small molecular materials generally have higher efficiency comparing with PLEDs. It is because 
thermal evaporation process allows homogeneous organic thin film to form, better control during 
deposition, and complex multi-layer structures to form without damaging former layer. The 
drawback of thermal evaporation is the inefficient use of materials increasing the cost of 
fabrication. There are many alternative deposition methods to improve this shortcoming, such as 
organic vapor phase deposition (OVPD), and supersonic molecular beam deposition (SuMBD). 
All of them intend to control the vapor flow of materials in order to increase the efficiency of 





Figure 1.19: Example of small molecular materials 
1.3.2 Polymers  
Polymers (Figure 1.20) are typically prepared from solutions by spin-coating or printing 
techniques. The solution process is more suitable to form larger-area films than thermal 
evaporation, and it does not require the vacuum environment during the deposition. In addition, 
the inkjet printing allows simple direct fabrication of laterally structured circuitry, and enables 
large-volume roll-to-roll fabrication of organic devices. Thus, the solution process promises a 
lower fabrication cost which is the most attractive feature of organic semiconductor to electronics 
industry. However, the solution processes have their own disadvantages which is the deposition 
of subsequent layers tends to dissolve those layers already present. Thus, it is difficult to fabricate 
complex multilayer structure using the solution process. The controlled growth of  the highly 






Figure 1.20: Example of polymer materials 
1.3.3 Phosphorescent materials 
Phosphorescent materials (Figure 1.21) are typically used as dopant in emissive layers of 
OLEDs, and they can be counted as small molecular materials. However, they are listing here as 
another category of organic materials because of the remarkable internal quantum efficiencies of 
phosphorescent OLEDs (PHOLEDs) (100% of internal quantum efficiency). As we can see in 
Figure 1.7, all the phosphorescent materials contain a heavy metal atom in their molecules. The 
heavy metal atom at the center of these molecules exhibits strong spin-orbital coupling, which is 
able to flip the electrons’ spin direction. Consequently, the strong spin-orbital coupling facilitates 
intersystem crossing between singlet exciton state and triplet state. By doping phosphorescent 
materials in the emission layer of OLEDs, both triplet and singlet can recombine and emit photon, 
and achieve 100% internal quantum efficiency. The current problem of this highly energy 
efficient technology is that the lifetime of blue PHOLEDs is much shorter comparing with red 





      
Figure 1.21: Example of phosphorescent materials 
1.4 Transparent OLEDs 
Among all the advantages of the organic semiconductors, organic light-emitting devices [7,8] 
(OLEDs) have attracted significant attention because of their great potential for making next-
generation flat panel displays including transparent displays and mechanically flexible displays 
[51]. In particular, a display geometry in which the red, green and blue emitting devices are 
vertically stacked is a useful way to realize full color, high resolution image due to its simple 
fabrication process, small pixel size, and large fill factor offered by this architecture. Transparent 
OLEDs are essential in realizing this geometry as each OLED in the stack geometry has to be 
transparent to output the emitted light. Furthermore, transparent OLEDs can greatly improve the 
contrast, making it much easier to view displays under sunlight. Transparent OLEDs can also be 
widely applied to other facilities such as head-up display and smart windows. 
1.4.1 Unique potential of OLEDs for enabling transparent displays 
OLEDs have the great advantages of enabling transparent displays by nature, since most 
organic semiconductor materials are semi-transparent and able to emit light in visible region. As 
one can see from the emission and absorption spectrum of Alq3 in Figure 1.22, most significant 
light absorption of Alq3 is below 300nm which is not in the visible region. However, the emission 
light spectrum of Alq3 is centered in 530nm in the visible region. This unique property of organic 
semiconductor is resulted from the luminescence band which is substantially red-shifted from the 
absorption band due to the characteristic Franck-Condon relaxation. Therefore, in general, the 





Figure 1.22: (a) absorption spectrum and (b) emission spectrum of Alq3 
Moreover, the deposition of organic semiconductors is a room temperature process, which 
makes organic semiconductors much easier to integrate with glass or plastic substrates. Especially, 
organic semiconductor solution processes, such as inkjet printing or roll-roll vapour deposition, 
theoretically make it cheaper to fabricate OLEDs. 
1.4.2 Challenges with transparent OLEDs 
Since organic semiconductors are normally transparent, the key of achieving transparent 
OLEDs is to have transparent electrodes. In conventional OLEDs, anode and cathode are using 
transparent ITO and nontransparent metal, respectively. Therefore, the critical component to 
achieve transparent OLEDs is to find the transparent cathode. Transparent cathode is critical for 
not only transparent OLEDs but also the top emitting OLEDs. The latter is important to the 
application of active-matrix displays with a high aperture ratio, which are impervious to driving 
circuits. Electroluminescence of the top-emitting OLEDs is extracted through a transparent top 
electrode instead of through the substrate and bottom electrode. In these OLEDs, a transparent 
cathode is necessary for the much more preferred “upright” OLED architecture (with the cathode 
as the top rather than the bottom, contact of an OLED) [52]. 
1.4.2.1 Transparent cathode 
A transparent cathode is essential for transparent OLEDs intended for future “see through” 
electronics. To make transparent cathode, very thin films of Mg:Ag are first utilized as 
transparent cathodes[53- 55]. However, Mg:Ag suffers from high chemical reactivity and poor 
electrical conductivity. In addition to Mg:Ag, researchers have examined ITO [56- 59] as the 




and 10Ω/□, respectively.  However, the deposition of high quality ITO requires sputtering, a 
process that is not well-suited for fabrication of top electrodes, as the underlying organic layers 
subjects to damage by the plasma environment [ 60 ]. As such, protective layers are often 
introduced to reduce the damage to the underlying organic layers. However, this approach adds 
complexities to the fabrication process, and often alters and degrades device performance [61-
66]. Alternative techniques for depositing ITO, such as ion-beam-assisted-deposition (IBAD) 
[67,68] are sometimes employed; however, the quality of ITO is usually compromised.  
A dielectric/metal/dielectric multilayer structure was first reported in 1974 by Fan et al [69]. 
Bender et al. [70] and Fahland et al.[71] later reported that an ITO/Ag/ITO (IAI) multilayer 
electrode yields a higher optical transmittance and electrical conductivity than a conventional ITO 
electrode. The enhanced transparency of these structures arises from surface plasmon resonance 
(SPR) effects at the two metal/metal oxide interfaces [72]. Lewis and Grego [73] fabricated an 
OLED by growing an IAI anode through radio-frequency (RF) magnetron sputter deposition. 
However, damage to the organic layers during ITO sputtering remained a problematic issue. The 
highly transparent and conductive cathode, without damage underneath thin film during the 
deposition, is highly desired.  
1.4.2.2 High efficient transparent OLEDs  
Other than transparent cathodes, another challenge of transparent OLEDs is that the 
transparent TFTs cannot provide a lot of current to the transparent OLEDs due to the low carrier 
mobility. With not enough current, the light emission of transparent OLEDs cannot meet the 
required brightness for displays application.  
1.4.3 Strategy to achieve high performance transparent OLEDs 
As mentioned above, there are two primary challenges to achieve high performance 
transparent OLEDs: high quality transparent cathodes without causing damage to the underneath 
organic thin films, and no enough current provided by transparent TFT. For transparent cathode, 
ITO/Ag/ITO is a good candidate for transparent cathode due to the advantages in transmittance, 
sheet resistance and mechanical flexibility. However, the damage to the organic layers during 
ITO sputtering remained a problematic issue. To circumvent this issue, there has been a growing 
interest in developing transparent multilayer electrodes that can be deposited by simple thermal 
evaporation. To this end, thermally-evaporable WO3/Ag/WO3 [74] and ZnS/Ag/ZnS [75,76] 
transparent multilayer electrodes were recently developed, which exhibited optical transmission 




temperatures (Tm) (1473  and 1830 , respectively) and hence need to be evaporated at high 
temperatures. Transparent multi-layer electrodes which have a low sheet resistance, high optical 
transparency, and can be thermally evaporated at lower temperatures, are highly desired.  
For the problem of not enough current provided by transparent TFT, one way to solve this 
problem is to increase the efficiency of transparent OLEDs, and then the transparent OLEDs will 
be able to maintain the acceptable brightness with the limited current provided by the transparent 
TFT, another way is improving the performance of the transparent TFT. However, this work is 
mainly focus on the transparent OLEDs, so we intend to solve this problem by improving the 
OLEDs efficiency. As we mentioned in the operation mechanism of OLEDs, using carrier 
injection layers or increasing the conductivity of charge transport layers can increase the OLEDs 
efficiency. As in line with the idea of using dielectric/metal/dielectric stack as transparent cathode, 
exploring dielectric material with efficient carrier injection and transport is following a logical 
train of thought to achieve high efficient transparent OLEDs. 
1.5 Objectives and approaches  
1.5.1 Objectives 
In this work, MoO3 is investigated for utilization as a transparent MoO3/Ag/MoO3 (MAM) 
stack cathode and as a charge transport material in form of MoO3 and hole transport material 
mixture in transparent organic light emitting devices. 
1.5.2 Approach and Rationale 
1.5.2.1 The reason for using MoO3 
As mentioned above, transparent multi-layer electrodes with low sheet resistance and high 
optical transparency, which can be thermally evaporated at lower temperatures, are highly desired. 
Although many dielectric/metal/dielectric multilayer structures can be thermally evaporated, such 
as WO3/Ag/WO3 and ZnS/Ag/ZnS, the relatively high Tm makes them less interesting. However, 
the Tm of MoO3 is only 795 , which allows the MAM cathode to be readily fabricated using 
thermal evaporation at much lower temperatures and safely deposited on top of organic layers 
without thermal damage. This is the advantage of using MoO3 as dielectric materials of a stack 
cathode. However, the challenge comes from how to successfully integrate MAM stack as a 
cathode in real OLEDs. The use of MAM electrode as a hole-collecting contact (i.e. anode) in an 
organic solar cell has been recently reported [77].  However, its use as an electron-injecting 
contact (i.e. cathode) in an OLED (or any other organic device), has not - to the best of our 




injection [ 78 - 84 ], which makes its successful use as an electron injecting contact rather 
unexpected.  
Nevertheless, our studies in section 3.1 show that it is possible to achieve efficient electron 
injection from MAM electrode into organic layers by means of incorporating a suitable electron 
injection layer (EIL) at the interface.  Therefore, MAM stack not only shows high transmittance 
and low sheet resistance, but also shows the potential to integrate as the cathode in real 
transparent OLEDs. 
To achieve high efficient transparent OLEDs, a carrier injection layer or high carrier transport 
materials are desired. Due to its benefits on device performance, the use of MoO3 as a hole 
injection and/or transport material in organic light emitting devices (OLEDs) and organic solar 
cells (OSCs) has gained momentum rapidly in recent years.  In the case of OLEDs, its use a hole 
injection layer [85- 89] , or as a dopant [90- 94] in the hole transport layer, can lower the driving 
voltage and improve the stability [95- 97]. The use of OSCs, its use as an anode buffer layer 
proved beneficial to power conversion efficiency [98,99]. Its high optical transmittance, low 
evaporation temperature, and the fact that it can be doped into organic semiconductor materials at 
high concentrations (~50%) without negatively impacting charge transport [97,100] have spurred 
the interest in studying it in mixtures with charge transport materials [97,101]. Therefore, MoO3 
is not only a good candidate of the transparent cathode, but also able to improve device efficiency 
by acting as an injection layer and a high conductive layer.  
However, the conductivity of MoO3 and carrier transport material mixture is not well 
understood. Shin et al [97] showed that doping N,N′-bis(naphthalen-1-yl)-N,N′-bis 
(phenyl)benzidine (NPB) with MoO3 resulted in higher conductivity, and attributed the effect to 
charge transfer between MoO3 and NPB. Their C-V measurements showed that the carrier density 
in MoO3:NPB mixtures was several orders of magnitude higher than that in neat NPB, and was 
also higher than that in neat MoO3. Although there was no direct experimental verification, the 
higher charge density suggested the mixture could have higher conductivity in comparison to 
MoO3.  Ma et al [101] also observed that the conductivity of NPB increased rapidly on doping 
with MoO3. Interestingly however, and at odds with findings by Shin et al, they found that the 
trend saturates at higher MoO3 concentrations, limiting the conductivity of mixtures with high 
MoO3 concentration (> 30%) to that of neat MoO3. In view of the tremendous growth and 
potential of the organic electronics industry, and the emergence of MoO3 as an important 
enabling material, resolving this apparent discrepancy between the findings of the two studies 




In the section 3.2 of this thesis, we systematically investigate the conductivity of thin films of 
mixtures of MoO3 and hole transport materials (HTM) as a function of MoO3 concentration. In 
order to better resolve and differentiate between the contributions from the injection and bulk 
transport, the materials are studied in lateral devices in addition to the more conventional vertical 
device configuration. The results show that mixing MoO3 with a hole transport materials, such as 
NPB or 4′,4′′-tri(N-carbazolyl)triphenylamine (TCTA) brings about >5 orders of magnitude 
increase in bulk conductivity over that of neat MoO3 or neat HTM film.  The results also show 
that the mixing film enhances both hole and electron transport. The findings shed the light on the 
potential of hybrid composites of inorganic and organic materials in realizing enhanced 
conductivity.   
In general, the low Tm of MoO3 allows fabricating high quality transparent MAM stack 
cathode, and mixing MoO3 and HTM reveals the potential of MoO3 to act as a high conductivity 
carrier transport material. It makes MoO3 particularly interesting in transparent OLEDs 
application. 
1.5.2.2 The reason for using small molecule OLEDs  
In this work, all the OLEDs materials are small molecules and deposited from the gas phase 
by conventional thermal evaporation. This is because the OLEDs based on small molecular 
materials generally have higher efficiency comparing with PLEDs, and thus high performance 
OLEDs studied and fabricated in research lab are generally all based on small molecule materials. 
Moreover, the OLEDs structures in this work are relative complex and include dopant in the 
emitting layer and the carrier injection layer. And thermal evaporation process of small molecule 
materials allows homogeneous organic thin film to form, better control during deposition, and 
complex multi-layer structures to form without damaging the former layers. Therefore, using 
small molecule OLEDs in this study is the best choice, but also the only choice.   
1.6 Thesis Organization  
In this work, MoO3 is investigated for utilization as a transparent MoO3/Ag/MoO3 (MAM) 
stack cathode and as a charge transport material in form of MoO3 and hole transport material 
mixture in transparent organic light emitting devices. The thesis organization is concluded as 
follow.  
Chapter 1 is the introduction of OLEDs including OLEDs history and background, OLEDs 
structure and operation mechanisms, OLEDs materials, transparent OLEDs and the objective and 




OLEDs, dividing into four sections: carrier injection, carrier transport, exaciton formation, and 
decay of excitons. 
Chapter 2 is the experiment detail regarding to the author’s work including device structure, 
device fabrication and device testing. 
Chapter 3 is the result and discussion including three sections:  transparent OLEDs using 
MAM cathode, enhanced bulk conductivity and bipolar transport in mixtures of MoO3 and 
organic hole transport materials.  























Experimental details including device structures, device fabrication and device testing are 
explained in this chapter. Device structures include the standard vertical structure and the lateral 
structure, employed in section 3.1 and section 3.2 of this thesis, respectively. All the devices are 
fabricated by conventional thermal evaporation of small molecule materials. All the devices are 
stored and tested in a nitrogen atmosphere and at room temperature. 
2.1 Device structures 
 In the work of transparent OLEDs using MAM cathode, firstly, MAM configurations of the 
general structure MoO3(x nm)/ Ag (y nm)/ MoO3 (z nm), with 0 < x < 40nm, 10 < y < 20 < 40nm, 
0 < z < 40nm are studied. Secondly, the transparent OLED structure used in the experiment 
consists of ITO(100nm)/ N,N′-bis(naphthalen-1-yl)-N,N′-bis (phenyl)benzidine(NBP) (70nm)/ 
tris(8-hydroxyquinoline) aluminum (Alq3) : 10-(2-benzothiazolyl)-1, 1, 7, 7-tetramethyl-2, 3, 6, 
7-tetrahydro-1H, 5H, 11H, [l] benzo-pyrano [6,7,8-ij] quinolizin-11-one (C545T) (99.2%:0.8%) 
(30nm)/ Alq3 (30nm)/ 4,7-diphenyl-1,10-phenanthroline (Bphen) : (Cs2CO3) (9:1) (10nm) / 
MoO3(x nm)/ Ag (14nm)/ MoO3 (40nm), where NPB and Alq3 serve as a hole transport layer and 
an electron transport layer, respectively, Bphen: Cs2CO3 (10%) is the electron injection layer , 
(Alq3):C545T(0.8%) is the emitter layer, and the multilayer of MoO3 (x nm)/Ag (14nm)/MoO3 
(40nm) is the cathode, see Figure 2.1 (a).  
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In the work of enhance bulk conductivity of MoO3 and organic HTM mixtures, for comparing 
conductivity of thin films of MoO3, HTM and MoO3:HTM mixtures of various MoO3 
concentrations (x %, by volume), test devices of two different structures, fabricated on glass 
substrates, are employed: (1) a standard vertical structure in which a ~100 nm thick layer of the 
material to be tested is sandwiched between ITO and Ag (or Mg:Ag) electrodes, and (2) an 
unconventional lateral structure in which a ~100 nm thick layer of the material is coated onto two 
Ag electrodes (~25 nm thick) , both pre-coated on the same substrate, and separated by a ~26 μm 
gap. In the standard vertical structure, the device consists ITO/ 100nm of NPB or MoO3, or NPB: 
MoO3 (50%) mixture/ Mg:Ag (9:1) (60nm)/ Ag (60nm). In the lateral structure (Figure 2.1(b)), 
pure NPB, pure MoO3, and NPB: MoO3 (x %) mixture with different MoO3 composition (0≤ x 
≤100) were deposited to bridge the Ag gap in test devices. To grow the mixture layer, MoO3 and 
NPB were co-evaporated from different sources in a same chamber. Similar devices with 4′,4′′-
tri(N-carbazolyl)triphenylamine (TcTa) and MoO3 mixture were also fabricated and tested. To 
examine the hole transport property of the mixture material, a vertical structure (hole-only device) 
consisting of ITO/ NPB (100nm)/ NPB or MoO3:NPB (50%) (100nm)/ NPB (100nm)/ NPB: 
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) (9:1) (10nm)/ Mg:Ag (9:1) 
(60nm)/ Ag (60nm) (Figure 2.2(a)) was grown and tested. To examine the electron transport 
property of the mixture material, a vertical structure (electron-only device) consisting of ITO/ Mg 
(2nm)/ Alq3 (40nm)/ Alq3 or MoO3:NPB (50%) (40nm)/ Alq3 (40nm)/ Mg:Ag (9:1) (60nm)/ Ag 
(60nm) (Figure 2.2(b)) was grown and tested.  
                   
(a) (b) 
Figure 2.2: Vertical structures (a) hole-only device; (b) electron-only device 




2.2 Device fabrication  
All the devices are fabricated on ITO coated glass substrate by thermal evaporation of small 
molecule materials. 
2.2.1Substrate preparation 
Glass substrate with ITO patterned anode is used in all of our devices. The ITO surface has 
an important influence on the device performance. Here are the steps used to clean the ITO 
substrate.  
1. ITO substrates are put into 1L beaker filled with Acetone and cleaned with ultrasonic 
bath for 15 minutes to remove all kinds of organic contaminations on the ITO substrate 
surface. 
2. Clean the ITO substrate with Q-tips to remove any contaminations sticking on the surface. 
3. Put ITO substrate back in the beaker filled with Isoproponal, and cleaned with ultrasonic 
bath for another 15 minutes. 
4. Use nitrogen gun to dry the ITO substrates and blow away any particles. 
5. Put ITO substrate into an oven at 90  for 15~20 minutes to remove the moisture on the 
ITO substrate. 
6. Use reactive ion etching (RIE) to give a plasma treatment to the ITO substrate. RIE forms 
a thin film which improves the work function of ITO, as the surface treatment we 
mentioned in the charge injection section in chapter 1. The surface plasma treatment is 
exactly how we improve the charge injection and the device lifetime. 
The parameters of RIE treatment is: 
Pressure: 20 torr 
Inductive Coupled Plasma (ICP) Power: 20 
Duration: 2min 
Chemical: CF4 - 15 torr 
            O2  - 5 torr 
7. Immediately put the clean ITO substrate into thermal evaporation chamber and vacuum 




2.2.2 Thin film deposition by PVD 
All materials are deposited sequentially at a rate of 1-3 Å/s using conventional vacuum 
thermal evaporation at a pressure below 5×10-6 Torr, by Intelvac OLED system OLED6T2E10S 
(Figure 2.3 (a)) and Angstrom EVOVAC Deposition system 00903 (see Figure 2.4 (a)). This 
work uses both of the OLED systems.  
The Intelvac OLED system is designed for dual chamber evaporation (thermal evaporation 
and e-beam evaporation) in a high vacuum load-lock with material handing in an atmosphere-
controlled glovebox. In this work, the transparent OLEDs were fabricated in the thermal chamber 
of the Intelvac OLED system. The Intelvac system thermal chamber is the first chamber that is 
capable of evaporating by resistance evaporation from six different evaporation sources (Figure 
2.3 (b)). The thickness of the deposited film is monitored by the controller based on the feedback 
from the crystal sensor assigned to each individual source. Two separated controller allows two 
materials mixing by co-evaporation. For the complex multilayer transparent OLED structure in 
this work, the Intelvac system allows the whole fabrication process protected under nitrogen 
environment all the time, which avoids any device degradation during fabrication process.   
       
(a)  (b) 
Figure 2.3: (a) The Intelvac OLED system OLED6T2E10S (b) The inside look of the 
thermal chamber 
The Angstrom EVOVAC Deposition system is capable of combining multiple thin film 
deposition sources, using up to ten thermal evaporation sources, electron beam evaporation, and 
four magnetron sputtering target, in the same chamber (Figure 2.4 (b)). In this work, all the MoO3 
and organic material mixture thin film were fabricated only using the thermal evaporation sources 




has 10 thermal evaporation sources which are controlled by 4 outputs and are monitored by 4 
crystal sensors, we can mix up to 4 different materials by co-evaporation. This advantage of the 
system is critical to investigate the electrical and optical properties of the mixture films.  
      
(b) (a) 
Figure 2.4: (a) The Angstrom EVOVAC Deposition system 00903 (b) The inside look of the 
chamber 
2.4 Device testing 
After the device fabrication, all the testing and measurements of OLEDs are carried out in a 
nitrogen atmosphere and at room temperature. During the testing, devices are installed in testing 
box with nitrogen flowing through to prevent the ambient degradation. Between different testing, 
the devices are also stored in a metal storage box with nitrogen flowing through the box all the 
time. Primary testing, measurements, and the equipments used in this work are listing below.    
The optical transmittance and electrical conductivity of the MAM are measured by using 
Shimadzu UV-2501PC UV-Visible spectrophotometer (Figure 2.5) and two point probe method, 
respectively. The surface morphology of the MAM is verified with a Digital Instruments 
Dimension 3100 atomic force microscope (Figure 2.6). The current density (J)-luminance (L)-
voltage (V) characteristics of the device is measured with Agilent 4155C semiconductor 
parameter analyzer (Figure 2.7) and a silicon photodiode which is pre-calibrated by a Minolta 





Figure 2.5: Shimadzu UV-2501PC UV-Visible spectrophotometer 
 





Figure 2.7: Agilent 4155C semiconductor parameter analyzer 
 














Results and Discussion  
The experiment results of the investigation of MoO3 for utilization as a transparent cathode 
and as a charge transport material in transparent organic light emitting devices are shown in this 
chapter. The discussion of the device performance as well as the observed phenomenon is 
explained in detail in corresponding sections. 
3.1 Transparent Organic Light-emitting Devices using a MoO3/Ag/MoO3 
Cathode* 
Transparent OLEDs is one of important application of organic semiconductor. Transparent 
OLEDs have great application potential in active-matrix displays, see-through displays, auto 
navigation systems, etc. In Transparent OLEDs, a transparent cathode is necessary for the much 
more preferred “upright” OLED architecture. A dielectric/metal/dielectric stack structures show a 
high transmittance in visible region due to the SPR effect and fair electrical conductivity, which 
was employed as transparent cathode in this work. Most common seen dielectric/metal/dielectric 
stack is ITO/Ag/ITO stack [70,71,73], however, deposition ITO on top of organic semiconductor 
is harmful to underneath organic layers. So other thermally-evaporable stacks such as 
WO3/Ag/WO3 [74] and ZnS/Ag/ZnS [75,76] have been introduced by other researchers. In this 
work, we investigate MoO3/Ag/MoO3 (MAM) stacks for utilization as transparent cathodes in 
OLEDs, because of MoO3 have lower melting temperature and comparable optical and electrical 
performance comparing with other stacks (WO3/Ag/WO3 or ZnS/Ag/ZnS).  
3.1.1 Optimized MAM stack  
Just like many other researches on dielectric/metal/dielectric stack structures, the electrical 
and optical properties of the MAM stack alone are the very first things to investigate.  
Figure 3.1(a) shows the transmittance spectra of (i) MoO3  (~40 nm thick) single layer  (curve 
A); (ii)   MoO3 (~40 nm thick) / Ag (~16 nm thick) bi-layer structure (curve B); and (iii) MoO3 
(~40 nm thick) / Ag (~16 nm thick) /  MoO3 (~40 nm thick)  MAM stack (curve C); all formed on 
a glass substrate and fabricated in a single growth process by using shadow mask. Figure 1(a) 
(curve A) shows that a single 40 nm thick MoO3 is quite transparent over a wide wavelength 
range (400 - 900 nm). With an additional 16 nm Ag layer on top of it, the transmittance drops 
                                                            




significantly down to 20%-50% (curve B). Nevertheless, after adding a second 40 nm thick MoO3 
layer, the film transmittance increases to 50-70% (curve C).  The high optical transmittance of the 
MAM stack clearly verifies the presence of non-linear optics, which can be attributed to surface 
plasmon resonance effect. Figure 3.1(b) shows corresponding AFM images of the surfaces of the 
three configurations. The root mean square for surface roughness value are found to be 0.581nm, 
3.020nm and 0.900 nm for surfaces A, B and C respectively, showing that MoO3 forms very 
smooth films, and that the top MoO3 layer “levels out” the relatively rougher texture of the Ag 
layer.   






































Figure 3.1: (a) Optical transmittance of three different layer configurations: A: MoO3 (40 
nm) single layer; B: MoO3 (40 nm)/Ag (16 nm) bi-layer; and C: MoO3 (40 nm)/Ag (16 nm)/ 
MoO3 (40 nm) MAM.  Inset: a schematic diagram of the three configurations.  (b) Atomic 
force microscope (AFM) images of the surfaces of each configuration:  RMS roughness 




The thickness of the intermediate Ag layer is crucial in defining the optical and electrical 
properties of the MAM stack. Figure 3.2(a) shows the optical transmittance of the MAM stack 
with varying Ag layer thicknesses (12 – 20 nm).  As expected, the film transmittance gradually 
decreases on increasing the thickness of the intermediate Ag layer. To achieve a higher optical 
transmittance, the Ag layer thickness should be kept as thin as possible. Figure 3.2(b) shows the 
sheet resistance of the MAM stack, showing, as expected, that the stack becomes more 
conductive as the Ag layer thickness increases. At an Ag layer thickness of ~14 nm, the sheet 
resistance roughly saturates at 9Ω/□ which is on par with that of ITO.  Based on this observation, 
the Ag layer thickness of the MAM structure that is incorporated in the transparent OLEDs is set 
to 14 nm. At this Ag thickness, the MAM transmittance is 65%-80% in the visible range (i.e. 400-
700 nm range).  




















































Figure 3.2: Optical transmittance (a); and sheet resistance (b) of MoO3 (40nm)/Ag (x 
nm)/MoO3 (40nm) multilayer structures on glass, with x varying from 12nm to 20nm. 
3.1.2 Integrated MAM cathode with real OLEDs 
To investigate using MAM as transparent cathode in real OLEDs, efficient electron injection 
from MAM stack to the electron transport layer is crucial. However, efficient hole injection from 
MoO3 into organic hole transport layers has been reported [78-84] and a MAM multilayer was 
successfully utilized as an anode in an organic solar cell [77]. Our observations show that 
although electron injection from a MAM stack into an organic electron transport layer (ETL) is 
rather poor, efficient injection can be achieved by means of incorporating a thin EIL. To find the 
proper EIL spent the author a significant amount of time, we have tried most of the commonly 




provide good electron injection to achieve high performance device. To slide over finding proper 
EIL, author also tried inverted OLEDs structure (i.e. anode on top of the device) to use MAM as 
transparent anode. However, the devices performance is still poor, a total luminance of 150 cd/m2 
at 8V under 20 mA/cm2 constant current density.  
At last we tried Bphen doped with Cs2CO3 as EIL, it is known that alkali metal dopants can 
significantly improve the electron injection efficiency [102,103]. In our experiments, we use a 
~10 nm EIL made of Bphen: Cs2CO3(5%)  in-between the MAM cathode and the Alq3 ETL (see 
Figure 3.3 left). Results show that it is possible to achieve efficient electron injection from MAM 
electrode into organic layers by means of incorporating this 10nm EIL of Bphen: Cs2CO3(5%)  at 
the interface. The best device performance is: at the constant current density of j = 20 mA/cm2, 
the device bias is 7.3 V, the bottom luminance is 307cd/m2, the top luminance is 84cd/m2 and the 
whole device shows a peak transmittance about 85%.  
     

































Figure 3.3: Left: Schematic layer structure of the transparent OLED with a MoO3(x 
nm)/Ag (14nm)/MoO3 (40nm) cathode. Right: luminance-voltage characteristics of the 
OLEDs with different inner MoO3 (Min) thicknesses. 
To further improve the OLEDs’ performance, we introduce dopant C545T in the EL. A series 
of transparent OLEDs are fabricated and tested to optimize the device performance on the dopant 
concentration. The results show that the devices with EIL of Bphen: Cs2CO3(10%) and EL of 
Alq3:C545T (0.8%) have the lowest driving voltage and the highest luminance under the constant 




 To study MAM’s functionality as cathodes in transparent OLEDs, we fabricate and test a 
series of transparent OLEDs with MAM cathodes that have identical optimized organic layer 
configurations based on the results from the  dopant concentration optimization. In these devices, 
the thickness of the Ag layer and the outer MoO3 (Mout) of the MAM is fixed (at 14 nm, and 40nm, 
respectively), whereas the thickness of the inner MoO3 layer (Min) is varied between 0 and 40 nm.  
Figure 3.4(a) shows the schematic layer structure of these OLEDs and Figure 3.4(b) presents their 
current density-voltage-luminance (J-V-L) characteristics. The luminance in Figure 3.4(b) 
represents the total luminance, which is the sum of the luminance measured from the top and 
bottom of one device.  As shown in Figure 3.4, the device with Min = 5 nm among the five 
exhibits the best performance. For example, at an injection current density of j = 20 mA/cm2, the 
device bias is 7.2 V (the lowest) and the measured luminance is 1300 cd/m2 (representing ~1000 
cd/m2 and ~300 cd/m2 from the bottom and the top, respectively). The decrease in device turn-on 
voltage with decreasing Min thickness can be readily explained in terms of the lower resistive 
losses across the thinner MoO3 layer, and because the Cs-doped EIL can contact more directly 
with the intermediate Ag layer to form an ohmic contact at a thinner and non-continuous inner 
MoO3 layer, thus leading to improved electron injection [102,103]. However, it is interesting to 
note that the device with Min = 5 nm also shows a lower turn-on voltage than the one with no 
inner MoO3 layer (Min = 0 nm).  This behavior may be attributed to the role of the thin oxide layer 
in improving electron injection via tunneling, by reducing the effective energetic barrier at the 







                                                                                                      










































































































































Figure 3.4: (a)Schematic layer structure of the transparent OLED with a MoO3(x nm)/Ag 
(14nm)/MoO3 (40nm) cathode. (b) The current density-voltage (J-V, solid symbols) and 
luminance-voltage (L-V, open symbols) characteristics (in Log scale) of the OLEDs with 
different inner MoO3 (Min) thicknesses. The reported luminance value is the sum of both top 
luminance and bottom luminance from one device. (c) The luminance-voltage curves 
measured from the top surface (open symbols) and the bottom surface (solid symbols) of the 
devices with different inner MoO3 thicknesses. Inset: the electroluminescence spectra of the 
top emission (with smaller shoulder) and of the bottom emission (with larger shoulder) for 




with different inner MoO3 thickness. Inset: the transmittance spectra of the MAM on glass 
with different inner MoO3 thickness. 
Figure 3.4(c) shows the top and bottom luminance components of the same OLEDs.  Clearly, 
the bottom luminance is always higher than the top luminance for any device. This can be 
attributed to the fact that the optical reflection of the top MAM contact is higher than that of the 
bottom ITO contact. The ratio of the top to bottom luminance for the device with 5nm Min is 
about 1/3, while the ratio is lower than 1/8 for the other four devices. The device with Min = 5 nm 
exhibits more symmetric light emission than any other device. The inset of Figure 3.4(c) is the 
electroluminescence (EL) spectra of both top and bottom emission of the devices. All top-
emission EL spectra peak at 522 nm with a weaker shoulder at 555 nm whereas all bottom-
emission EL spectra show a peak at 525 nm with a slightly more prominent shoulder.  The optical 
transmittance spectra of the five devices are shown in Figure 3.4(d). For comparison, 
transmittance spectra of MAMs alone (i.e. of MAMs on glass only) are also shown in the inset of 
the Figure 3.4(d). As can be seen from the figure, all OLEDs have very similar transmittance 
spectra, revealing that overall device transmittance does not change appreciably with Min. This 
behavior is different from that observed in MAMs alone (i.e. in MAMs not integrated with 
devices) and indicates that maintaining geometrical symmetry in MAMs, and perhaps in all 
dielectric/metal/dielectric stacks in general, is not necessary for maximizing surface plasmon 
resonance or transmittance when these stacks are integrated with OLEDs.  This may be attributed 
to the fact that, in an OLED, the organic layers underneath the MAM act as additional dielectric 
layers of somewhat similar refractive index, (e.g. the refractive indices of MoO3 and Alq3 at 
600nm are ~1.71 and ~1.69, respectively [ 106 , 107 ] ) and can, therefore, compensate for 
reductions in Min thickness (i.e. when Min is thinner than Mout).   
It can also be seen from the spectra in 3.4(d) that the transmittance of the integrated device 
exceeds 45% over the 400-700 nm range, and is ~ 90% in the 450-475 nm range for all devices. 
Clearly, the electroluminescence peak of the devices (shown in the inset of Figure 3.4(c)) does 
not coincide with their transmittance peak. As noted above, the large difference between top and 
bottom luminance observed in all devices can be attributed to the fact that transmittance in the 
520-570nm wavelength range, where the electroluminescence most strongly, is ~60-75%; lower 
than the peak transmittance. The relatively lower transmittance in this range may be the result of 
relatively higher MAM reflectivity at these wavelengths, resulting in an increase the ratio of the 




The above experimental results show that the 5nm inner MoO3 layer plays an important role 
in improving the performance of the transparent OLEDs and the device with 5nm Min exhibits the 
best performance in terms of turn-on voltage, brightness and transmittance. Nevertheless, the 
overall optical transmittance of the transparent OLED is still rather limiting, particularly over the 
wavelength range beyond 550 nm (transmittance below 70%). Figure 3.5 shows the transmittance 
spectra of three different structures: (i) a MAM alone (on glass), (ii) the same OLED 
configuration without the MAM cathode (i.e. only the organic layers + ITO + glass), and (iii) a 
full OLED including the MAM cathode. It shows that the organic layers + ITO +glass 
combination is quite transparent over the wavelength range of 450-700 nm (transmittance ~90-
100%). The transmittance of the MAM shows a slow decrease in transmittance (90% to 63%) as 
the wavelength goes from 450 nm to 700 nm. On the other hand, the full OLED shows a narrower 
transmittance peak in the 400-500 nm, and faster decrease in transmittance in the 450-550 nm, 
resulting in a lower transmittance in the 450-700 nm range. At the OLED peak emission 
wavelength (522 nm), the transmittance of the device is only ~ 75%. Comprehensive optical 
modeling of a multiple layer structure consisting of the organic materials and MAM multilayer is 
needed to fully understand the degraded transmittance and to further optimize the device 
performance of this transparent OLED. 
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Figure 3.5: The optical transmittance of the different layer structures: a MoO3/Ag/MoO3 
multilayer (square symbol), the organic layers in the transparent OLEDs (triangle symbol), 




3.1.3 Optimized transparent OLEDs with MAM cathode 
As mentioned above, all transparent OLEDs have very similar transmittance spectra, 
revealing that overall device transmittance does not change appreciably with Min. This behavior is 
different from that observed in MAMs alone (i.e. in MAMs not integrated with devices) and 
indicates that maintaining geometrical symmetry in MAMs, and perhaps in all dielectric /metal 
/dielectric stacks in general, is not necessary for maximizing surface plasmon resonance or 
transmittance when these stacks are integrated with OLEDs.  This may be attributed to the fact 
that, in an OLED, the organic layers underneath the MAM act as additional dielectric layers of 
somewhat similar refractive index. And results suggest that device with 5nm Min shows the best 
performance, it is reasonable to wonder if other two layers of Ag and Mout have to modify their 
thickness to optimize the device performance.  
Accordingly, the MoO3/Ag/MoO3 structure was reconsidered in real transparent OLEDs. 
Since 5nm inner MoO3 showed a promising performance, other series of OLEDs with 5nm inner 
MoO3 and varied thicknesses of Ag as well as outer MoO3 were fabricated and tested, shown in 
Figure 3.6 and 3.7, respectively.  


































































Figure 3.6: (a) Schematic layer structure of the transparent OLED with a MoO3 Min 
(5nm)/Ag (x nm)/ MoO3 Mout (40nm) cathode. (b) The current density-voltage (J-V, solid 
symbols) and luminance-voltage (L-V, open symbols) characteristics (in Log scale) of the 
OLEDs with different inner Ag thicknesses. (c) The transmittance spectra through all 
device layers for the OLEDs with different Ag thickness. 
Figure 3.6 (a) is schematic layer structure of the transparent OLED with a MoO3 Min 
(5nm)/Ag (x nm)/ MoO3 Mout (40nm) cathode. Figure 3.6 (b) and (c) show the J-V-L 
characteristics and optical transmittance of devices with varied Ag thicknesses from 8nm to 16nm, 
respectively. As Ag thickness increases, the transmittance of the device decreases as shown in 
Figure 3.6 (c). It turns out that the device with 14nm Ag was superior to the devices with other 
Ag thicknesses under constant current density of 20mA/cm2, bottom luminance of 1130 Cd/m2 
and top luminance of 263 Cd/m2 (see Figure 3.6 (b)). The dependence of the device optical 
transmittance on the thickness of outer MoO3 was stronger than that of Ag and Min, seen in Figure 
3.7. Figure 3.7 (a) is schematic layer structure of the transparent OLED with a MoO3 Min 
(5nm)/Ag (14 nm)/ MoO3 Mout (x nm) cathode. Figure 3.7 (b) and (c) show the J-V-L 
characteristics and optical transmittance of devices with varied Mout thicknesses from 20nm to 
200nm, respectively. 
The Mout thickness is varying in a relative large region, so surface plasma resonance is very 
different in these devices. See in Figure 3.7(b), devices with 40nm and 80nm Mout show the best 




transmittance. Therefore, the device with 40nm Mout has the best performance overall. To sum up, 
the MoO3 (5nm)/Ag (14nm)/MoO3 (40nm) structure used in this work had the best performance.  
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Figure 3.7: (a) Schematic layer structure of the transparent OLED with a MoO3 Min 
(5nm)/Ag (14 nm)/ MoO3 Mout (x nm) cathode. (b) The current density-voltage (J-V, solid 




OLEDs with different inner Mout thicknesses. (c) The transmittance spectra through all 
device layers for the OLEDs with different Mout thickness. 
In conclusion, MAM stacks are investigated for utilization as transparent cathodes in OLEDs. 
The stacks can be fabricated using simple thermal evaporation at relatively low temperatures, and 
can be readily and safely utilized as top electrodes, without causing deposition damage to the 
organic layers. Results show that it is possible to achieve efficient electron injection from the 
MAM electrode into organic layers by means of incorporating a suitable EIL at the cathode-
organic interface. Results also show that a MAM stack can exhibit high optical transmittance, 
amounting to 65-80% in the 400-700nm, and a low sheet resistance (9Ω/□).  A transparent OLED 
with a MAM cathode incorporated with a 10nm Bphen: Cs2CO3 (10%) EIL is studied.  By fine 
tuning the MAM structure, optimal OLED performance is achieved: a total luminance of 1300 
cd/m2 (representing ~1000 cd/m2 and ~300 cd/m2 from the bottom and the top, respectively) at 
20mA/cm2 and a corresponding driving voltage of 7.2V. The OLED exhibits a peak transmittance 
of ~ 90%  in the 450-475 nm range, and a transmittance above 45% over the entire visible (i.e. 
400-700 nm) range. 
3.2 Enhanced Bulk Conductivity and Bipolar Transport in Mixtures of MoO3 
and Organic Hole Transport Materials†  
Since we introduce an EIL in our TOLEDs, the device performance is significantly improved. 
We attribute it to the improvement of the electron injection. However, the TOLEDs performance 
is still not superior. By improving the injection property and bulk conductivity of inner MoO3 
layer, we believe the device performance can be further improved. Introducing dopant in MoO3 
film is a logical train of thought to increase the conductivity of MoO3 film, and dope MoO3 with 
organic material could increase bulk conductivity comparing with neat MoO3 which has been 
reported by Shin et al [97] and Ma et al [101]. However, these two groups showed different result 
of the conductivity increase in MoO3 and HTM mixtures. In view of the tremendous growth and 
potential of the organic electronics industry, and the emergence of MoO3 as an important 
enabling material, resolving this apparent discrepancy between the findings of the two studies 
becomes a matter of high scientific interest and technological importance.    
                                                            




3.2.1 MoO3 and NPB mixture in vertical structure 
To resolving the discrepancy between the findings of the two studies by Shin et al [97] and 
Ma et al [101], a series of vertical structures of MoO3 and NPB mixture, sandwiched by two 
electrodes,  with different NPB concentration  are fabricated and tested.  
Figure 3.8 shows the I-V characteristics of 100nm thick films of neat MoO3, neat NPB, and 
MoO3:NPB (50%) mixture in vertical structures. Clearly, the current at any given voltage is 
higher in case of the MoO3:NPB (50%) mixture than in case of the neat films.   
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Figure 3.8: I-V characteristics of 100nm of MoO3, NPB and MoO3:NPB (50%) in a standard 
vertical structure 
This is different from the results reported by both Shin et al [97] and Ma et al [101]. The 
discrepancy might be attributed to the use of vertical structures, which cause I-V characteristics 
highly sensitive to any small or subtle variations among test samples (e.g. small variations in ITO 
and/or film quality). The I-V characteristics of a thin film are typically affected by both material 
bulk conductivity and the carrier injection at the interface of the film/electrode. Since in a vertical 
structure the current flow path is across the film thickness (~100nm),  the I-V behavior could be 
more strongly influenced by interfacial effects rather than by conduction across the film, causing 
bulk conductivity effects to be much less pronounced. To reduce this ambiguity, we use lateral 
structures that allow for a much longer current flow path (tens of micrometers) in the thin film 




3.2.2 Enhanced Bulk Conductivity of MoO3 and NPB mixture in lateral structure  
Figure 3.9(a) shows I-V characteristics from a series of lateral devices with a 100 nm thick 
MoO3:NPB layer of different MoO3 concentrations, whereas Figure 3.9(b) displays the current at 
10V in the devices versus MoO3 concentrations.  The inset of Figure 3.9(b) shows the schematic 
layer structure of these devices. In these devices, the current flow occurs from one Ag electrode 
to the other laterally across the 26 μm gap through the layer, under the applied bias. One can 
observe that all of the devices exhibit almost linear I-V characteristics over the voltage range of 0 
– 20 V (see Figure 3.9(a)), while the current amplitude varies significantly from 10-11 to 10-5 A, 
depending on MoO3 concentration.  As the MoO3 content increases from 0% (i.e. neat NPB) to 50% 
(MoO3:NPB of 1:1), the current increases from 2×10-11 A to 1×10-5 A, corresponding to almost six 
orders of magnitude increase in conductivity. Interestingly, the current starts to decrease on 
further increasing MoO3 content beyond 50% , and drops back to 2 ×10-10 A for x=100% (i.e. neat 
MoO3). The data reveals that at the optimum composition, the MoO3:NPB mixture demonstrates a 








































Figure 3.9: (a) The I-V characteristics of MoO3:NPB(x %) films with 0 %< x % < 100 %. (b) 
The current of 100nm MoO3:NPB(x %) films under 10V in lateral structure as a function of 
MoO3 concentration (x %). The inset of Fig.3.9 (b) is the schematic layer structure of the 
lateral structure with 100nm NPB and MoO3 mixture film. 
The much higher conductivity demonstrated by the MoO3:NPB mixture can be attributed to 
the formation of charge transfer complex between MoO3 and the HTM [97], as was reported 




on our films reveal the presence of a broad absorption band centered around 1400nm in case of 
the mixtures, consistent with those earlier reports. The charge transfer can be expected to increase 
“free” carrier density, and hence facilitate conduction in the mixture. It is therefore not surprising 
that the conductivity of the MoO3:NPB mixture reaches its maximum at 50% MoO3 content (i.e. 
at MoO3:NPB ratio of 1:1) where optimal concentrations for maximal charge transfer complex 
formation may be expected.   
While, in a lateral device, the changes in I-V with MoO3 concentration can be expected to 
mostly arise from changes in bulk conductivity of the mixture layer, it is still possible that 
variations in charge injection at the metal contacts, associated with variations in MoO3 
concentration, affect the observations non-negligibly. Therefore, to investigate this possibility, we 
fabricate and test a series of lateral devices which all comprise a very thin (~10 nm thick) MoO3 
interfacial layer interposed between the metal contact and a thicker MoO3:NPB mixture layer (~ 
90 nm) of various MoO3 content. The composition of the interfacial layer is kept the same in all 
devices. Figure 3.10 shows I-V characteristics of a series of lateral devices with a 10 nm MoO3 
interfacial layer and 90nm thick MoO3:NPB layer of different MoO3 concentrations. As can be 
seen from the figure, changing the MoO3 concentration in the 90nm mixture layer changes the I-
V characteristics in the same trend as before (i.e. Figure 3.9(a)) despite the presence of the 
interfacial layer in this case. Here again, a device with 50% MoO3 content in the mixture layer 
gives the highest current. The results convincingly prove that the observed current enhancement 


























Figure 3.10: I-V characteristics of lateral devices with 100nm MoO3, 10nm MoO3 + 90nm 
MoO3:NPB(30%), 10nm MoO3 + 90nm MoO3:NPB(50%), and 10nm MoO3 + 90nm 
MoO3:NPB(70%). 
3.2.3 Mixtures of MoO3 and different organic materials 
To explore whether the observed conductivity improvement is unique to the MoO3:NPB  
mixture, we test mixtures of  MoO3 with TCTA, as another HTM, and also mixtures of MoO3 
with tris(8-hydroxyquinoline) aluminum (Alq3 ) or 4,7-diphenyl-1,10-phenanthroline (Bphen) as 
typical electron transport materials (ETMs). Figure 3.11(a) shows the I-V characteristics for 
lateral devices comprising a 100nm layer of MoO3:TCTA (50%) mixture, and also for devices 
comprising a 100nm layer of neat TCTA or MoO3 instead. Figure 3.11(b) shows the 
corresponding data set for the case of NPB for comparison. Clearly, similar to the case of 
MoO3:NPB, a MoO3:TCTA mixture demonstrates more than five orders of magnitude 
conductivity increase versus the neat TCTA or MoO3 films. The results suggest that the bulk 
conductivity enhancement might be common to a wide range of MoO3 and HTM mixtures. On 
the other hand, mixing MoO3 with Alq3 or Bphen does not show the same effect, as evident in 
Figure 3.11(c) and Figure 3.11(d), where in both cases, the current at any given voltage for the 
MoO3:ETM mixture falls in-between that of the neat MoO3 and ETM films, consistent with 
previous observations [101], indicating that the conductivity of the mixture does not surpass that 































































Figure 3.11: I-V characteristics of (a) 100nm of MoO3, TCTA and MoO3:TCTA(50%); (b) 
100nm of MoO3, NPB and MoO3:NPB(50%); (c) 100nm of MoO3, Alq3 and 
MoO3:Alq3(50%); (d) 100nm of MoO3, Bphen and MoO3:Bphen(50%) in the lateral 
structure. 
3.2.4  Bipolar Transport in Mixtures of MoO3 and Organic Hole Transport Materials 
Finding that the conductivity enhancement does not occur in MoO3:ETM mixtures, 
suggesting that the phenomenon may be restricted to MoO3:HTM mixtures, it naturally becomes 
interesting to determine if the higher conductivity arises from increased unipolar or bipolar carrier 
transport. To investigate this effect we compare MoO3:NPB mixture layers against neat NPB and 
Alq3 layers in “hole-only” and “electron-only” vertical device configurations. For this, we adopt 
the previously reported device architectures [110]: (i) ITO/ NPB (100nm)/ MoO3:NPB (50%) 
mixture or neat NPB (100nm)/ NPB (100nm)/ NPB: 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) (9:1) (10nm)/ Mg:Ag (9:1) (60nm);  and (ii)  ITO/ Mg 
(2nm)/ (Alq3) (40nm)/ MoO3:NPB (50%) mixture or neat Alq3 (40nm) / Alq3 (40nm)/ Mg:Ag (9:1) 
(60nm), for hole-only and electron-only devices, respectively. As, in these configurations, the 
layer of interest is sandwiched between either two hole transport layers or two electron transport 




respectively. Figure 3.12(a) and 3.12(b) display I-V characteristics and schematic layer structure 
of these devices, respectively. As can be seen from the figure, the use of MoO3:NPB mixture 
layer leads to a much higher current in both hole-only and electron-only devices in comparison to 
neat NPB or neat Alq3, respectively. The results indicate that the MoO3:HTM demonstrates 
enhanced transport of both holes and electrons, revealing it is bipolar in nature. This differs from 
the widely accepted view that introducing MoO3 into an organic charge transport material 
generally suppresses electron transport due to its functionality as a p-type dopant [85-94]. Our 
results are supportive with recent findings by Kahn et al [111] that MoO3 may also act as an n-
type material. Our data suggests that the bulk conductivity enhancement in MoO3:NPB mixtures 
may stem from its bipolar transport characteristics. Clearly, more work is needed to elucidate the 











































Figure 3.12: I-V characteristics of hole only and electron only devices: (a) hole only device 
with structure of ITO/ NPB (100nm) / NPB or MoO3:NPB (50%) (100nm) / NPB (100nm) / 
NPB:F4TCNQ (10nm)/ Mg:Ag (9:1) / Ag, and (b) electron only device with structure of of 
ITO/ Mg (2nm) / Alq3 (40nm) / Alq3 or MoO3:NPB (50%) (40nm) / Alq3 (40nm) / Mg:Ag 
(9:1) / Ag. The insets are the schematic layer structure of the hole only and electron only 
structure. 
In conclusion, we systematically investigate the conductivity of thin films of mixtures of 




resolve and differentiate between contributes form injection and bulk transport, the materials are 
studied in lateral devices in addition to the more conventional vertical device configuration. The 
results show that mixing MoO3 with a hole transport material, such as NPB or TCTA brings 
about >5 orders of magnitude increase in bulk conductivity over that of neat MoO3 or neat HTM. 
The results also show that the mixing enhances both hole and electron transport. The findings 
shed the light on the potential of hybrid composites of inorganic and organic materials in 

























In conclusion, MAM stacks are investigated for utilization as transparent cathodes in OLEDs. 
The stacks can be fabricated using simple thermal evaporation at relatively low temperatures, and 
can be readily and safely utilized as top electrodes, without causing deposition damage to the 
organic layers. Results show that it is possible to achieve efficient electron injection from the 
MAM electrode into organic layers by means of incorporating a suitable EIL at the cathode-
organic interface. Results also show that a MAM electrode can exhibit high optical transmittance, 
amounting to 65-80% in the 400-700nm, and a low sheet resistance (9Ω/□).  A transparent OLED 
with a MAM cathode incorporated with a 10nm Bphen: Cs2CO3 (10%) EIL is studied.  By fine 
tuning the MAM structure, optimal OLED performance is achieved: a total luminance of 1300 
cd/m2 (representing ~1000cd/m2 and ~300cd/m2 from the bottom and the top, respectively) at 
20mA/cm2 and a corresponding driving voltage of 7.2V. The OLED exhibits a peak transmittance 
of ~ 90% at a wavelength of 450-475 nm.   
We also systematically investigate the conductivity of thin films of mixtures of MoO3 and 
hole transport materials (HTM) as a function of MoO3 concentration. In order to better resolve 
and differentiate between contributes form the injection and the bulk transport, the materials are 
studied in lateral devices in addition to the more conventional vertical device configuration. The 
results show that mixing MoO3 with a hole transport material, such as NPB or TCTA brings 
about >5 orders of magnitude increase in bulk conductivity over that of neat MoO3 or neat HTM. 
The results also show that the mixing enhances both hole and electron transport. The findings 
shed the light on the potential of hybrid composites of inorganic and organic materials in 
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